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Introduction
In the past decade, materials showing negative thermal expansion (NTE) have attracted much attention from the viewpoints of both fundamental physics and technological applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In terms of applications, NTE materials can be used as thermal expansion compensator for precisely controlling of the coefficient of thermal expansion (CTE) of engineering materials. The reported NTE is either attributed to the flexible frameworks [1] [2] [3] in the crystal structures or intimately bounded with a magnetic or electronic ordering. [4] [5] [6] [7] [8] Metal fluorides, as a prototype of open-framework structured materials, have received increasing interest since the observation of wide-temperature-window NTE in cubic ReO 3 -type ScF 3 . 9 However, ScF 3 is so far the only ReO 3 -type metal trifluoride that exhibits wide temperature range NTE. 9 More recently, NTE was widely observed in double-ReO 3 forming the face-centered cubic crystal structure (space group, Fm-3m). [10] [11] [12] In these (double) ReO 3 -type metal fluorides, cubic crystal symmetry is always indispensable to NTE or zero thermal expansion (ZTE) emerging. [10] [11] [12] The transverse vibrations of fluorines perpendicular to the cation-fluorine-cation chain are proposed to contribute negatively to the CTE (the Guitar-string model). 13, 14 Crossover from NTE to ZTE and finally to positive thermal expansion ) due to the high electronegativity of fluorine. As a result, the coordination number of the related cations is expected to change since the original fluorines at the ideal (0.5 0 0) position are replaced by fluorine-fluorine pairs. 23 Also, the metal cations are slightly displaced. 23 Consequently, original corner-linked polyhedra will partially transform to edge-linked polyhedra, so that many anion-excess fluorides take a lower crystal symmetry than the cubic over the same temperature range. When the excess fluorines are removed, the lattice is expanded, which softens the frame-work structure, and the polyhedra are easier to rotate.
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Hence, the transverse vibrations of fluorine atoms are favored, resulting in the CTE crossover.
Results and discussion
As shown in Fig. 1 , all the three samples maintain cubic structure at room temperature. Bragg reflections can be well indexed with the space group Pm-3m (Fig. S2) , which is consistent with the previous report on ZrF 4 -TiF 3 solutions. 28 If the fluorine is stoichiometric, the samples might take the replaced by the pairs of fluorines. In such case, the macroscopical crystal structure can still maintain cubic, though excess fluorines inserted, as have been observed in YbZrF 7 (defined as F-excess ReO 3 -type). 23, 24 As plotted in the inset of Fig. 1 , the refined lattice constant (Table S2) is increased with reducing the F content. In an earlier literature, the TiZrF 6 single crystal was suggested to have the cation-ordered cubic structure (space group, Fm-3m). 29 The distinction in crystal structure of our present sample might probably originate from the different synthesis methods. 29 Besides, the samples are quite stable in air (Fig. S3) . Finally, a moderate NTE with α V of -6.09 ppm/K from 300 K to 623 K was observed in TZF6. The Pair Distribution Function (PDF) measures the local crystal structure of a certain material without assumption of lattice periodicity, which gives a deeper insight into the "real" crystal structure. [30] [31] [32] The G(r)s for TZF6 and TZF7 were calculated from the synchrotron X-ray total scattering data ( Fig. S6) which was terminated at 25 Å -1 . 30, 31 Unlike the XRD result, the local PDF (r < 6 Å) for TZF7 is clearly distinguishable from that for TZF6, as shown in Fig. 4(a) .
Particularly, the PDF peak at 3.5 Å is strengthened in TZF7 compared with that in TZF6, while the peak at 4.5 Å changes in an opposite way. The regular cubic model was tested to fit the PDF data up to 15 Å for both samples. As shown in Fig.   S7 , for both compounds the model fails to fit the local PDF with r < 6 Å but describes the data well at longer distances.
Moreover, the fitting is worse for TZF7 than for TZF6, indicating the local structure of TZF7 is more deviated from the regular cubic model relative to that of TZF6. phases was tentatively tested to fit the local PDF up to 7.5 Å.
As shown in Fig. S8 and Table S1 .
In the F-excess cubic lattice, the fluorines deviate from the ideal positions as in the regular cubic case. So the cation-fluorine bond lengths are scattered. 23 Accordingly, the PDF peak at ~ 2.1 Å originating from the shortest Zr/Ti-F bonds is wider in TZF7 than in TZF6 (see the left inset in Fig.   4(a) ). This effect is more visible for the next nearest Zr/Ti-F distance at ~ 4.5 Å. As a result of adopting excess flruoines, shorter next nearest Zr/Ti-F bond shows up at ~ 3.5 Å at the expense of the original ones (Fig.4(b) ). Hence, an intensity switch between the PDF peaks at 3.5 Å and 4.5 Å with removing the excess fluorines was observed as shown in Fig.   4(a) . Usually, the Zr cations in TZF6 with lower charge valences are bigger in size than the Zr
4+
, which may lead to longer bond length. However, after removing the excess fluorines, the left fluorines will move back to the ideal positions, which will lead to a shorter nearest Zr/Ti-F distance Page 4 of 10 Journal of Materials Chemistry C [see Fig. 4(b) ]. It counteracts the bond elongation due to transformation, so that the PDF peak at ~ 2.1 Å doesn't show a significant shift to higher r values in TZF6 compared with in TZF7. The inserted excess fluorines tend to bring the nearby cations closer. 19 Hence, when the excess fluorines are removed, the nearest Zr/Ti-Zr/Ti distance (~ 3.95Å) is expanded as shown in the right inset of Fig. 4(a) and 4(b) . This effect is accumulated at longer distances. That is the reason why the PDF peaks above 6 Å in TZF6 shift clearly towards higher values in comparison to those in TZF7 (Fig. 4(a) ).
Consistently, the lattice constant derived by XRD is larger in TZF6 than in TZF7 (inset of Fig. 1 ).
The transverse vibrations of fluorine atoms perpendicular to the cation-fluorine-cation chain (in other words, the rotation of polyhedra) are responsible for the negative contribution to the CTE in cubic metal fluorides. 13, 14 If excess fluorines exist, as sketched in Fig. 4(b) , the corner-linked polyhedra will be transformed to edge-linked ones, and thus the twisting of polyhedra is blocked. 19, 24 When some excess fluorines are removed, the polyhedra are more free to rotate, which in turn favors the NTE. Besides, the expanded lattice as result of withdrawing the excess fluorines will soften the structural frame-work structure. 13 Therefore, the transverse thermal vibrations of fluorines are enhanced, which is beneficial to the NTE. 11 As a combined effect, the NTE is enhanced as the fluorine concentration is reduced in TiZrF 7-x . When the NTE is strengthened to be comparable to that of normal PTE due to the unharmonic lattice vibrations, the nearly ZTE was observed in TZF6.5. For TZF6, the further strengthened NTE overcomes the normal PTE, leading to an overall NTE behavior in a large temperature range. Adjusting the CTE by removing some excess fluorines might also be applicable to other cubic MZrF 7 compounds. The values of E g of TiZrF 7-x locate in the region of narrow band-gap semiconductors, suggesting they are potentially useful as infrared detectors 35 or thermoelectrics. 36 Their low-CTE will preserve the optical performances during thermal cycling. Moreover, the values of CTE (e.g., for TZF7)
show good compatibility with that of silicon (α V ~ 8.1 ppm/K at room temperature) 37 widely used as substrate in micro-devices, which will minimum the thermal stress on the devices during temperature variation. So, further investigation on the optical properties of TiZrF 7-x single crystals or thin films is strongly desired.
Conclusion
By reducing the fluorine concentration x, the crossover of CTE from positive to negative was observed in F-excess 
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